Abstract The modification of commercial ultra-stable Y (USY) zeolite using citric acid (CA) and ammonium fluosilicate (AFS) was investigated. A series of factors including the concentration of CA and AFS, the volume ratio of CA and AFS, adding rate of AFS, reaction time and temperature were studied to get the optimum operation condition. The pore structure, acid property and crystal structural of modified USY zeolite were characterized by a variety of means such as N 2 adsorption, Fourier transform infrared spectroscopy, NH 3 -temperature programmed desorption and X-ray diffraction. The as-synthesized sample presents an increased secondary pore volume up to 0.20 cm 3 /g which accounts for 46.5 % of the total pore volume, and appropriate acidity distribution as well as good crystallinity. In addition, the modified USY zeolite possesses a superhigh Si/Al ratio of 25.7 which is more than twice higher than that of commercial USY zeolite. Furthermore, the hydrothermal stability of the modified samples meet the requirements of commercial catalysts for hydrocracking. Performance evaluation was carried out on a 200 mL fixed-bed single stage hydrogenation unit using Daqing VGO as feedstock. The 140-370°C middle distillate yield is 67.78 %, and middle distillate selectivity can reach up to 80.76 %. Compared with commercial catalyst, the yield and selectivity are increased by 7.36 and 4.38 %, respectively.
Introduction
In petroleum refining, hydrocracking of heavy hydrocarbons has been carried out to produce high quality middle distillate. Most of the conventional hydrocracking catalysts are dual functional catalysts which possess a hydrogenation-dehydrogenation function as well as an acidic function [1, 2] . The activity of the hydrocracking catalysts depends largely on the support which is acidic in nature. In order to prepare a suitable hydrocracking catalyst, a good balance between the two functions has to be maintained [3] . The rapid molecular transfer from the hydrogenation site to the acid site is very important as it can avoid undesirable secondary reactions.
Y and ultra-stable Y (USY) zeolites have been commonly applied in hydrocracking to increase middle distillate yield due to their high specific surface area and tunable acid properties [4] . However, the performance of commercial USY (CUSY) is unsatisfying due to the lack of mesopores. As we all know, cracking is often limited by diffusion of reactants inside the micropore of zeolite. The mesoporous structure is more suitable for diffusion of reactants. This is because the external surface area of zeolite increases and thus reactants become more easily accessible to the catalytically active acid sites [5] . In addition, the hydrothermal stability of USY zeolite also needs to be improved to meet the requirement of hydrocracking. Moreover, high acidity tends to cause coking, which leads to catalyst deactivation. The catalyst deactivation will cause a reduction of product selectivity and quality. Therefore, the modification of USY zeolite is of great significance [1, 6] .
Many researchers have reported that dealumination of Y zeolite can improve its thermal and hydrothermal stability, hydrophobicity and mesopore content [7, 8] . Dealumination can be accomplished by thermal or hydrothermal treatments [9] , acids leaching [10] , and chemical treatments with hexafluorosilicate or silicon tetrachloride [11] [12] [13] [14] . Among these methods, hydrothermal treatment is the most frequently used on. The resulting materials, USY zeolites, being modified in the framework Si/Al ratio, structure and acidity, usually exhibit improved reactivity, selectivity and coking behavior for a catalytic reaction, which is of great interest to the petroleum industry. However, the pore size and acid distribution of the zeolites with hydrothermal treatment are unreasonable for meeting the needs of hydrocracking [15, 16] . Dealumination with inorganic acid can remove framework aluminum effectively when the pH is lower than 2.30, indicating that the dealumination is proportional to the hydrogen ion concentration [17, 18] . On other hand, organic coordination reaction method shows a very attractive potential in remove of extra-framework aluminum (EFAL), because it can be operated in moderate reaction conditions, and no obvious defects are observed in the modified samples [19] . Thus we conclude that single acid leaching method cannot meet the requirements. Zeolite treated by (NH 4 ) 2 SiF 6 possesses high crystallinity while it has little amount of mesopores [20, 21] . The EFAL can be removed efficiently whereas the silica deposits on the outer surface, leading to a less mesoporous structure [22] . Up to date, the aforementioned modification method still experiences more or less problems and challenges, e.g. unsatisfying hydrothermal stability, poor mesoporous structure and harsh operation conditions. Exploring a facile and efficient approach to modify commercial USY zeolite is still challenging.
Herein, we developed a combined modification method of USY zeolite using citric acid (CA) and ammonium fluosilicate (AFS). The CA remove aluminum by coordination reaction to create abundant secondary pores. The F -from AFS can insert into the framework during the dealumination, leading to a high crystallinity of the modified USY zeolite. In addition, the abundant secondary pores provide rapid diffusion channels for F -, which can avoid the deposition of silica species on the surface of USY.The CA and AFS modified USY zeolite (CFUSY) presentes a higher secondary pore volume, appropriate acidic properties, good hydrothermal stability and excellent catalytic performance.
Experimental section

Sample preparation
Firstly, CA solution and AFS solution with different concentrations were prepared. Then a fixed quantity of 12 g CUSY zeolites and different amount of CA solution were put into a 250 ml three-neck polytetrafluoroethylene reactor. Subsequently the reactor was transferred into a water bath with a certain temperature. Ammonium fluosilitcate solution was dropwise added into the reactor when the system reached setting temperature. The modification was completed after a certain time. Afterwards, the products were filtrated and washed with distilled water. At last the product was obtained after dried in a 110°C oven overnight.
Sample characterization
Nitrogen adsorption measurements were performed on a TriStar 3000 analyzer (Micromeritics, USA) to obtain specific surface area and pore structure parameters of the as-prepared samples. The total surface area was calculated using BET (Brunauer-Emmett-Teller) method. The mesopore surface area, mesopore volumes and pore size distribution were obtained from the desorption branch by a BJH (Barret-Joyner-Halenda) method. Si/Al ratio, cell parameters and crystallinity were characterized by X-ray diffraction (XRD) analysis (X'Pert PRO MPD, Holland). The acidy property of the sample was measured by FT-IR (Nicolet 6700, USA) using pyridine as probe molecule. NH 3 -temperature programmed desorption (NH 3 -TPD) characterization was carried out on CHEMBET-3000 TPR/ TPD Chemisorption analyzer (Quatachrome Instrument, USA). NH 3 -TPD curves were performed in the range of 50-700°C with a heating rate of 15°C per minute. The ammonia was adsorbed at room temperature while it was desorbed at 120°C for 1 h in flowing pure nitrogen.
Results and discussions
Investigation of operation conditions
Secondary pores are important for preventing secondary cracking when USY are used in the hydrocracking. However, the mesoporous structure of the modified USY zeolite is affected by a series of factors including the concentration of CA and AFS, the volume ratio of CA and AFS, adding rate of AFS, reaction time and temperature single-factor experiment. Therefore, we investigated the optimum operation condition by a single-factor experiment using mesopore volume as criterion. The modification condition and results are listed in Table 1 .
As shown in the table, with the increase of the concentration of CA solution, the secondary pore volume of modified USY zeolite increases firstly and then decreases. This is because the alumina species can be removed more effectively at higher concentration of CA solution. However, the coordination compound formed by CA and alumina will plug the channel if the concentration of CA solution is too high. So we select 0.15 mol/L as the best concentration of CA. Then we investigated the effect of adding rate on the secondary pore volume. It is obvious that the modified USY zeolite possesses the highest secondary pore volume of 0.19 cm 3 /g when the adding rate of AFS solution is 20 d/min. The framework alumina can be removed rapidly with the help of AFS. But if AFS is added too fast, there will be not enough time to remove the alumina species in the channel, leading to a decrease of pore volume. Similarly, the alumina species can be removed most efficiently when the volume ratio and concentration of AFS are 1.0 and 0.20 mol/L, respectively. In addition, the reaction time was also studied. It is interesting that the modified USY zeolite has the highest secondary pore volume when it was modified for 3 or 5 h. We select 3 h as the best operation time in view of economy and efficiency. Furthermore, the modifications of USY zeolite are also performed at different temperature. The secondary pore volume of modified USY zeolite increase with the increase of reaction temperature, which is to be expected. However, the framework structure of USY zeolite will be destroyed heavily at high temperature caused by the corrosion of F - [23] , leading to a rapid decrease of crystallinity. So we are more inclined tomodify USY zeolite at 60°C even it will result in the lowest secondary pore volume. The USY zeolite modified at 60°C present a higher crystallinity of 76.5 % than the others. According to the results of single-factor experiment, we can conclude that the modification of USY zeolite has the best performance when the concentration of CA, the concentration of AFS, the volume ratio, adding rate of AFS, reaction time and temperatureare 0.15, 0.20 mol/L, 1.0, 20 d/min, 3 h and 60°C, respectively.
Characterization and discussion
CFUSY was prepared at the optimal modification condition.
Surface area and pore size distribution of modified USY N 2 adsorption-desorption isotherms determined at 77 K and the pore size distribution of the prepared samples are shown in Figs. 1 and 2 . Both CUSY and CFUSY present a type IV adsorption isotherm with a H2 hysteresis loop ranging from relative pressure of 0.43-1.0, which is the characteristic of abundant mesopores. In addition, the specific surface area of USY decreases from 641 to 594 m 2 /g while the mesopore area increases from 99 to 150 m 2 /g after modification. Similarly, the secondary pore volume increases from 0.17 to 0.20 cm 3 /g ( Table 2 ). The EFAL is removed by citric acid via coordination effect while some framework aluminum is removed by F -, leading to the increase of secondary pore volume. The destruction of framework caused by AFS makes some micropores connect with each other to form secondary pores. The pore size distribution (Fig. 2) shows that modified USY zeolites possess intensive distribution of secondary pores which are centralized at about 8.0 and 23 nm.
Acid characterization of modified USY
The acid properties of the samples were characterized by pyridine adsorption FT-IR and NH 3 -TPD. It is found that there are three bands for each sample in the FT-IR spectra (Fig. 3) . The bands at 1,442 and 1,548 cm -1 represent the characteristic adsorption of pyridine on Lewis (L) and Brøsted (B) acidic sites, respectively. While band at 1,490 cm -1 is assigned to the combined effect of B and L acidic sites [24] . Compared with CUSY, CFUSY presents higher intensity at 1,442 cm -1 , indicating the increment of L acidic sites for the modified USY. Besides, the weaker peak assigned to B acid demonstrates the decrease of B acid sites. In addition, the acid strength was measured by NH 3 -TPD. All curves present two peaks at 200 and 450°C (Fig. 4) . Interestingly, the 200°C peak of CFUSY shift to higher temperature, indicating that the acid strength of weak acid increased. According to the peak area, the acid amount of both strong acid and weak acid decreases due to the remove of alumina. However, the amount of weak acid decreases much more than medium acid, leading to an increase of proportion of medium acid.
X-ray diffraction characterization
As shown in Fig. 5 , CFUSY possesses obvious diffraction peaks of faujasite, indicating a good crystallinity. The crystal structure parameters of as-prepared samples are listed in the Table 3 . It shows that the Si/Al ratio of CFUSY are more than twice higher than that of CUSY. The cell parameter becomes smaller and crystallinity decreases after modification. The improvement of Si/Al ratio is caused by the dealumination and silicon reinsertion. Hydrated silica can insert into the framework during the dealumination process, which can avoid the collapse of skeleton caused by dealumination and improve the Si/Al ratio. So the modified USY zeolite presents a high crystallinity of 76.5 % even at a high Si/Al of 25.7. Owing to the replacement of aluminum by silicon, unit cell parameters become smaller since Si-O bond length is shorter than Al-O bond. 
Hydrothermal stability characterization
The modified USY zeolites were treated at 600°C with the existence of vapour for 4 h. Then the specific surface area and pore structure parameters were measured to study its hydrothermal stability. The results listed in Table 4 demonstrate that the BET surface area and micropore area slightly decrease after hydrothermal treatment, whereas the secondary pore area and volume increase. This is mainly because the micropores are destroyed after a long-term treatment with steam and then the mesopores form with the connection of micropores. Furthermore, the steam can also remove the framework alumina at high temperature, giving rise to mesopores. Generally, the modified USY zeolites has a good hydrothermal stability under 600°C which is much higher than the hydrocracking reaction temperature.
Evaluation of catalyst
According to the 75.0 % conversion of [350°C feedstock (Table 5) , CFUSY exhibits excellent hydrocracking performance. The 140-370°C middle distillate yield of hydrocracking product is 67.78 %, and at the same time, the selectivity to middle distillate could reach up to 80.76 %. Compared with CUSY, the yield and selectivity were increased by 7.36 and 4.38 %, respectively. The results demonstrate that combined modification of ultrastable Y zeolites using CA solution and AFS solution can meet the need of productive middle distillate in the industrial unit, which predicts it may be a potential industrialized method of Y zeolites modification.
Conclusion
A combined modification of commercial ultra-stable Y zeolite using citric acid and ammonium fluosilicate has Middle distillates selectivity = (140-370°C fraction of production/ \370°C fraction of production) 9 100 %
